ABSTRACT Interactions between emerging nascent polypeptide chains and the ribosome can modulate cotranslational protein folding. However, it has remained unclear how such interactions can affect the binding of nascent chains to their cellular targets. We thus investigated on the ribosome the interaction between two intrinsically disordered proteins of opposite charge, ACTR and NCBD, which form a high-affinity complex in a coupled folding-and-binding reaction. Using fluorescence correlation spectroscopy and arrest-peptide-mediated force measurements in vitro and in vivo, we find that the ACTR-NCBD complex can form cotranslationally but only with ACTR as the nascent chain and NCBD free in solution, not vice versa. We show that this surprising asymmetry in behavior is caused by pronounced charge interactions: attraction of the positively charged nascent chain of NCBD to the negatively charged ribosomal surface competes with complex formation and prevents ACTR binding. In contrast, the negatively charged nascent ACTR is repelled by the ribosomal surface and thus remains available for productively binding its partner. Electrostatic interactions may thus be more important for cotranslational folding and binding than previously thought.
INTRODUCTION
Proteins can fold (1-3) and bind to cellular partners (4, 5) cotranslationally (6) , as shown by studies performed by cryo-electron microscopy (EM) (7, 8) , NMR (9) , Förster-resonance energy transfer (FRET) (10) , and optical tweezers (11, 12) . The ribosome tunnel can accommodate an unstructured nascent chain of $30 residues, and secondary and tertiary structure have been reported to form in the tunnel, especially in the region of the vestibule where the tunnel widens to $20 Å (7, (13) (14) (15) (16) (17) . Given the large negative charge of the ribosome (18) , electrostatic interactions are expected to play an important role in cotranslational folding processes, including the modulation of translation rates. Negatively charged residues in nascent unstructured peptides can help overcoming translational stalling (19) , whereas positively charged residues within the nascent chain can produce transiently arrested species (20) or lead to slowed translation (12, 20, 21 ).
Yet, it has remained largely unexplored whether the cotranslational binding of nascent chains to cellular partners can be affected by electrostatic interactions with the ribosome. Intrinsically disordered proteins (IDPs) (22) , a large class of proteins that do not form tertiary structure under physiological conditions in the absence of a binding partner (23, 24) , tend to be rich in charged amino acids (20, 25) and may thus be particularly susceptible to interactions with the ribosomal surface (26) .
Here, we study the coupled folding and binding on the ribosome of two IDPs, the nuclear coactivator binding domain (NCBD) of CREB-bindingv protein and the activation domain from the p160 transcriptional coactivator, ACTR (Fig. S1 ). These proteins have opposite net charge and, upon binding, fold into a complex with high affinity in the low nanomolar range (23, 27) (Fig. 1 A) . NCBD in isolation adopts a helical conformation similar to that in the complex (27) but lacks a cooperatively folded core (23) . ACTR, instead, is largely unstructured and retains limited helicity in isolation (28) . Importantly, formation of the complex is favored by electrostatics (29, 30) .
We find that NCBD free in solution binds to ribosomenascent chain complexes (RNCs) of ACTR, and its affinity for ACTR increases with increasing length of the nascent polypeptide chain separating ACTR and the peptidyltransferase center (PTC). Arrest-peptide-mediated force measurements (7, 11) show that the formation of the complex exerts a force on the nascent chain and takes place in the vicinity of the exit tunnel, when ACTR is still partially embedded within the tunnel. Surprisingly, however, ACTR free in solution does not bind to NCBD emerging from the tunnel, and under the same conditions, we cannot detect any force applied on the nascent chain. We suggest that the attractive interaction between the NCBD nascent chain and the ribosomal surface interferes with ACTR binding, whereas the electrostatic repulsion between ACTR and the ribosome exit tunnel allows the formation of the ACTR-NCBD complex on the ribosome.
MATERIALS AND METHODS

DNA manipulation and cloning
DNA sequences of ACTR and NCBD were polymerase chain reaction (PCR)-amplified using primers bearing 5 0 -SapI overhangs, after which the PCR products were purified from agarose gels and subsequently cloned into the p7XLNC3GH plasmids containing SecM sequences of increasing lengths followed by a C-terminal GFP, as previously described (31) . Plasmids were sequence verified and further used for in vitro translation or to transform E. coli BL21 (DE3) cells. These plasmids were further used as templates for creating the sequence HA-ACTR-SecM Mannheimia succiniciproducens (supI), using forward and reverse primers that introduced the HA and the M. succiniciproducens (supI) sequence, respectively. PCR products were purified and cloned into a p7XC3H vector (32) . Plasmids were sequence verified and used for in vitro translation. Mutant sequences of ACTR and NCBD were purchased from Integrated DNA Technologies (Coralville, IA) and directly cloned into the p7XC3H vector. All enzymes that were used for cloning were obtained from New England Biolabs (Ipswich, MA). All cloning procedures were based on fragment-exchange cloning (32) .
In vitro translation and in-gel fluorescence analysis
In vitro translation of ACTR-SecM-GFP and NCBD-SecM-GFP constructs (Fig. 3 ) and the fusion constructs N-NCBD-ACTR and N-ACTR-NCBD (Fig. 4 C) were carried out using the Protein Synthesis Using Recombinant Elements (PURE) system (New England Biolabs), as described before (31) . For experiments in the presence of binding partner, 8 mM of purified labeled ACTR or purified labeled NCBD was added before starting the reaction at 37 C. In-gel fluorescence analysis was carried out essentially as described previously (31) . In-gel fluorescence was recorded using a LAS-3000 Fuji imager (GE Healthcare, Chicago, IL), and images were recorded for 8 s. For the ACTR-SecM constructs, in-gel fluorescence bands obtained from three gels were further quantified and used to determine means and standard deviations, whereas for NCBD-SecM constructs, values were quantified from one gel. In vitro translation of the HA-ACTR-SecM M. succiniciproducens (supI) constructs used for fluorescence correlation FIGURE 1 Affinity of the ACTR-NCBD complex in the presence of the PURE system. (A) Schematic depiction of fluorescently labeled ACTR and NCBD and their complex formation (Protein Data Bank: 1KBH) (23) . (B) An excess of NCBD labeled with CF680R was titrated to 50 pM ACTR labeled with Atto 532. Formation of the ACTR-NCBD complex can be monitored by the appearance of a high-transfer efficiency peak (red) while the low-transfer efficiency peak corresponding to free ACTR (green) decreases. (C) The fraction of ACTR-NCBD complex was calculated from the transfer efficiency histograms in (B) (by dividing the number of events with E > 0.4 by the total number of events) and fitted with a binding isotherm (dashed line). The shaded area corresponds to the 99% confidence interval of the fitted dissociation constant K D . NCBD could not be titrated to higher concentrations because of increased fluorescence background due to direct excitation of the acceptor fluorophore. To see this figure in color, go online. spectroscopy (FCS) analysis was carried out for 20 min at 37 C (Fig. S2 ) using the PURE system following the manufacturers' instructions, after which samples were frozen in liquid nitrogen and stored at À80 C until further FCS analysis (Fig. 2) or Western blot analysis (Fig. S2 ). Samples were separated by sodium dodecyl sulfate/polyacrylamide gel electrophoresis at neutral pH (4-12% Bis-Tris protein gels (NuPAGE; Thermo Fischer Scientific, Waltham, MA)), followed by Western blotting using an antibody against the HA epitope (Merck, Kenilworth, NJ), according to the manufacturers' instructions. In vitro translation of the HA-NCBDSecM M. succiniciproducens (supI) constructs used for FCS analysis was carried out for 25, 40, or 50 min at 37 C in triplicates, after which samples were frozen in liquid nitrogen and stored at À80 C until being analyzed by Western blotting or FCS analysis, as described above.
Expression in E. coli and in-cell fluorescence
Fusion constructs N-ACTR-NCBD and N-NCBD-ACTR were obtained by overlapping PCR. PCR products were purified and cloned using fragment-exchange cloning (32) into p7XLNC3GH plasmids, containing the SecM sequence and a C-terminal GFP, as described previously (31) . Expression in E. coli BL21 (DE3) was carried out in 96-well plates, and subsequent in-cell fluorescence quantification was carried out as described previously (31) .
Expression and purification of ACTR and NCBD
Cysteine variants of ACTR and NCBD ( Fig. S1 ; Table S1 ) were generated by site-directed mutagenesis and coexpressed from a pET-47b (þ) vector. The expression construct contained an N-terminal His6 tag cleavable with human rhinovirus 3C protease. Proteins were expressed in E. coli C41 (DE3) for 1 h after induction with 1 mM IPTG. The harvested cells were lysed by sonication and the His6-tagged protein was enriched via immobilized-metal affinity chromatography on Ni-IDA resin (ABT). The His6-tag was then cleaved off with human rhinovirus 3C protease and separated from the protein by another round of immobilized-metal affinity chromatography. Finally, ACTR and NCBD were separated via reversedphase high-performance liquid chromatography (HPLC) on a C18 column (Reprosil Gold 200, Dr. Maisch; Ammerbuch, Germany) with a water/0.1% trifluoroacetic acid-acetonitrile gradient. The purified protein was lyophilized.
Labeling of ACTR and NCBD
Lyophilized protein was dissolved under a nitrogen atmosphere to a concentration of 200 mM in 100 mM potassium phosphate buffer (pH 7.0) (labeling buffer). For labeling with CF680R maleimide (Biotium, Hayward, CA), the protein was incubated for 3 h at room temperature with an equimolar amount of dye. For labeling with Atto 532, the protein was treated analogously with a 0.7-fold molar ratio of dye. Labeled protein was separated from unlabeled protein with HPLC as described above, and the appropriate fraction was lyophilized. The correct mass of all labeled proteins was confirmed by electrospray ionization mass spectrometry.
Single-molecule instrumentation and measurements
Single-molecule fluorescence data were recorded using a custom-built confocal microscope in a configuration described previously (33) . The sample was excited with a continuous-wave solid-state laser (Oxxius LaserBoxx, Lannion, France) at a radiant flux of 50 mW (measured at the back aperture of the objective). Fluorescence was spatially selected with a FCS of CF680R-ACTR in the presence of 25% untranslated PURE system (þPURE components), 25% PURE system with 50 nM unlabeled NCBD, and NCBD-RNCs at SecM lengths of 30 and 40 residues obtained at increasing translation times (Fig. S6 ) are shown. Experiments were performed three times, and averages and SDs were calculated (except for NCBD-RNCs-30 translated for 25 min and NCBD-RNCs-40 translated for 40 min, which were performed twice). To see this figure in color, go online. 50-mm pinhole, split according to polarization and wavelength, and detected on four avalanche photodiodes. Data for transfer efficiency histograms were recorded for 30 min at sample concentrations of 50 pM donor-labeled ACTR in PURE system supplied with increasing concentrations of acceptor-labeled NCBD. The measurement buffer additionally contained 0.01% Tween 20 to prevent surface adhesion of the sample.
The arrival time of every photon was recorded; photons from all detection channels were binned at 0.75 ms, and all bins with >70 photons were retained as bursts. Identified bursts were corrected for background, the quantum yield of the dyes, the detection efficiency of the detectors, cross talk, and direct excitation of the acceptor (34) . The bursts were histogrammed by the transfer efficiency (E) calculated from the corrected numbers of photons detected in the donor (n D ) and acceptor (n A ) channels, E ¼ n A =n A þ n D . The fraction of ACTR-NCBD complex was determined by dividing the number of bursts with E > 0.4 by the total number of detected bursts. The dissociation constant, K D , was then determined by fitting a binding isotherm (fraction bound ¼ c NCBD =K D þ c NCBD ) to the measured fractions of ACTR-NCBD complex, with c NCBD being the concentration of NCBD added. Note that this treatment is only valid under the following three conditions: 1) the contribution of fluorescent impurities to the donor-only peak is negligible compared to the contribution of donor-labeled ACTR molecules, 2) there is no significant fraction of ACTR-NCBD complex formed with an inactive acceptor dye, and 3) direct excitation of unbound acceptor-labeled NCBD does not lead to the detection of additional bursts. The first two conditions were addressed by reversed-phase HPLC in combination with fluorescence detection, which confirmed that the purity of the labeled protein was >95%. Furthermore, the minimal number of photons in a fluorescence burst was set to 70, a threshold in which no bursts were observed in the PURE system without added ACTR during the same time of measurement. This high threshold also eliminates all bursts that might arise from direct excitation of acceptor-labeled molecules, as reflected by the similarity in the number of detected bursts in all four measurements (in order of increasing NCBD concentration: 28,267, 26,938, 30,496, and 30,667) . Taken together, our estimate of K D is thus likely to present an upper limit because additional contributions to the donor-only peak are difficult to exclude completely.
FCS measurements were recorded on a MicroTime 200 confocal singlemolecule instrument (PicoQuant, Berlin, Germany). ACTR or NCBD labeled with Biotium CF680R were measured at concentrations of 6-13 nM for 10 min in triplicate for each construct in buffer (50 mM sodium phosphate (pH 7.0), 10 mM MgAc 2 , 0.01% Tween) with the addition of 25% PURE system containing either empty ribosomes or ACTR/NCBD nascent chains. The sample was excited at 635 nm with a diode laser either operating in continuous wave mode or in pulsed mode at 20 MHz (LDH-D-C-635M; PicoQuant). In both cases, the radiant flux was 30 mW (measured at the back aperture of the objective). Fluorescence was separated from excitation light with a triple-band mirror (zt405/530/630rpc; Chroma, Irvine, CA), collected through a 100 mm pinhole, split according to polarization, and directed onto two detectors after filtering through LP647RU filters (Semrock, Rochester, NY). In a first step, the fluorescence intensity cross correlation, G(t), between the detectors was fitted with an FCS model taking into account translational diffusion and triplet blinking to determine the diffusion time t D,free of the free protein in the PURE System through the confocal volume:
where N is the average number of labeled molecules in the confocal volume. The parameter s, the ratio of the lateral to the axial radii of the confocal volume, was set to 1/6, and the correlation time of triplet blinking, t T , was 10 ms. We obtained t D,free ¼ 0.33 and 0.35 ms for ACTR and NCBD, respectively. We estimated the diffusion time of the 70S ribosome, t D,70S , through the confocal volume using the Stokes-Einstein equation and the resulting relation t D,70S /t D,free (ACTR) ¼ R H,70S /R H,ACTR to be 1.81 ms. R H,70S and R H,ACTR are the previously determined hydrodynamic radii of the ribosome (12.6 nm) (35) and ACTR (2.3 nm) (36), respectively. We note that the diffusion times of ACTR and NCBD in the absence of the PURE system are 0.32 and 0.27 ms (experimental error due to variation in confocal volume size was $5%), indicating the absence of excluded volume effects of the PURE system on their translational diffusion but a slight retardation of NCBD diffusion by transient electrostatic interactions with the ribosome. Given the estimated macromolecular volume fraction of at most $1% in the PURE System (37), the absence of crowding effects is expected.
In a second step, the data sets in the presence of RNCs were fitted with a model taking into account a mixture of two species with different translational diffusion times, t D,free and t D,70S , corresponding to the free and RNC-bound labeled protein, and triplet blinking:
where the diffusion times for free ACTR or NCBD were set to the results obtained in the absence of RNCs, and the diffusion time of RNC-bound protein was set to t D,70S ¼ 1.81 ms. The only free fit parameters were thus the average numbers of molecules, N free for unbound, and N 70S for bound protein, as well as the triplet amplitude, c T . The mean fitted values for c T of the different data sets were 0.05 5 0.01 for NCBD RNCs, 0.11 5 0.01 for ACTR RNCs preparation (prep.) 1 and 0.1 5 0.02 for ACTR RNCs prep. 2. We calculated the fractions of labeled proteins bound to the ribosome complex (see Fig. S5 B) from f bound ¼ N 70S /(N free þ N 70S ) and the mean diffusion times (see Fig. 2 
RESULTS
Coupled folding and binding of ACTR and NCBD in the presence of the PURE system
The coupled folding and binding of ACTR and NCBD is favored by electrostatics and thus strongly influenced by ionic strength (28, 30) . To test the suitability of the PURE system (37) for producing RNCs of ACTR and NCBD and probing their interactions with the respective binding partner, we first investigated whether the free proteins (i.e., not attached to the ribosome) form a complex under the
solution conditions of the PURE system. For intermolecular single-molecule FRET, ACTR was labeled with Atto 532 (Sigma-Aldrich, St. Louis, MO) as a donor dye, NCBD was labeled with Biotium CF680R as the acceptor dye ( Fig. 1 A) , and binding was investigated by confocal single-molecule fluorescence of freely diffusing molecules in the presence of all components and the buffer system of the PURE system. From unbound ACTR molecules, only donor fluorescence is observed (green-shaded peak in Fig. 1 B) . Upon the addition of acceptor-labeled NCBD and formation of the ACTR-NCBD complex, donor and acceptor dyes come into close proximity, leading to FRET, visible as a peak at high-transfer efficiency appearing at NCBD concentrations in the nanomolar range (red-shaded peak in Fig. 1 B) . Note that the single-molecule approach allows us to determine the absolute fraction of the complex, so, in principle, a single measurement would suffice to determine the dissociation constant, K D . However, to increase the precision of the K D value, we titrated a constant concentration of donor-labeled ACTR (50 pM) with increasing amounts of acceptor-labeled NCBD until fluorescence background due to acceptor direct excitation became prohibitive, and determined the affinity by fitting a binding isotherm to the fraction of ACTR in complex with NCBD. We obtained a K D of 68 5 10 nM (Fig. 1 C) , demonstrating that the high affinity of the two binding partners (23) is not compromised by fluorescence labeling and the presence of the components of the PURE system.
Formation of the ACTR-NCBD complex on the ribosome monitored by FCS
Can the complex also form if one of the two binding partners is emerging from the ribosome? Single-molecule FRET experiments for detecting binding to RNCs were not feasible owing to the following combination of factors: 1) a small change in intramolecular transfer efficiencies upon binding for both FRET-labeled ACTR and NCBD at the salt concentrations present in the PURE system (33); 2) relatively low binding affinities, especially for FRET-labeled NCBD (38) , which 3) require prohibitively high concentrations of RNCs, with a concomitant increase in fluorescence background upon donor excitation. We thus investigated complex formation with FCS via changes in translational diffusion times when labeled protein free in solution binds to unlabeled RNCs.
We produced RNCs of ACTR and NCBD (Fig. 2 , A and B) using the C-terminal arrest sequence of the SecM signal peptide, which regulates the expression of the ATPase SecA in bacteria (39) . Once translated, the C-terminal part of SecM induces translational stalling, with peptidyl transfer RNAs in the P/P state and hybrid A/P, P/E states, as shown by cryo-EM structures of the E. coli ribosome stalled by SecM (40) . ACTR-RNCs were obtained by translation in vitro for 20 min at 37 C, so that a sufficient concentration of RNCs was produced for FCS measurements, but release of ACTR from the ribosome was minimal (Fig. S2 A) . To further reduce nascent-chain release, we used the C-terminal variant (supI) of the M. succiniciproducens SecM sequence, which yields particularly strong stalling (7, 41, 42) (Fig. S2, B and C) . A final concentration of RNCs of $35 nM was used for the FCS experiments, as quantified by Western blot analysis (Fig. S3) .
ACTR-RNCs or NCBD-RNCs were presented with free NCBD or ACTR, respectively, labeled with CF680R to enable measurements of translational diffusion after excitation at 635 nm, in which little background fluorescence is detected that could bias the result. Binding of the labeled proteins to the unlabeled RNCs is expected to result in an increase in the translational diffusion time through the confocal volume. As reference values, we quantified the diffusion times of free ACTR and NCBD in the presence of the PURE system (Fig. 2, C and D) . The diffusion times of fluorescently labeled NCBD in the presence of ACTRRNCs showed a systematic increase with increasing length of the SecM sequence and thus the nascent chain (Fig. 2 A; Fig. S4 A) , indicating a rising affinity of NCBD to the increasing part of ACTR exposed outside the ribosome tunnel. At a SecM length of L ¼ 35 residues (Fig. 2 A) , ACTR is expected to be completely outside the tunnel (40) and thus available for binding to NCBD with full affinity.
From the FCS data, we estimate $40% of the NCBD molecules to be bound for the longest SecM length under these conditions (Fig. S5 B) , remarkably close to the $35% expected from the K D of 68 nM for free ACTR (Fig. 1 C) and an ACTR-RNC concentration of 35 nM. ACTR emerging from the ribosome thus reaches similar affinities to NCBD as the free protein. Surprisingly, a very different result was obtained when NCBD was tethered to the ribosome as a nascent chain and presented with free labeled ACTR: even with a tether length of 40 residues (Fig. 2 B) , the diffusion time of ACTR was similar to that of free ACTR in the PURE system (Fig. 2 D; Fig. S5 A) , indicating a lack of binding. Increasing the concentration of NCBD-RNCs by extending the translation times (Fig. 2 D; Fig. S5 B) did not change this result. The affinity of ACTR for NCBD thus seems to be much lower when NCBD is tethered to the ribosome.
Asymmetry in complex affinity on the ribosome detected by arrest-peptide-mediated force measurements
If the affinity between ACTR and NCBD depends on which binding partner emerges from the ribosome exit tunnel, this asymmetry should also be detectable by arrest-peptidemediated force measurements (7, 31, 42) . SecM responds to molecular events that create force, such as the interactions of the nascent chain with the translocon (39, 42) and the cotranslational folding of proteins (7, 11, 12, 31) . These forces can be detected by quantifying the translation efficiency of a reporter protein, such as GFP, placed after the arrest point of SecM. The amount of GFP produced as a function of the length of the nascent chain (L) is used to derive an arrest-peptide-mediated force profile, either in E. coli or in vitro using a reconstituted translation system (11, 31) . This method, referred to as arrest-peptide-mediated force measurements (7, 8, 11, 12, 31, 42) , can be used to determine at which point during translation cotranslational folding events take place as a function of the sequence separation of the protein under study from the PTC. Arrest-peptidemediated force measurements of small domains generally revealed good agreement between in vitro and in vivo experiments (7, 11, 31) .
We thus performed in vitro translation of ACTR or NCBD in the presence of $8 mM of the same fluorescently labeled NCBD or ACTR used for the FCS measurements (the ribosome concentration in the PURE system is $2 mM according to the manufacturer) and quantified the amount of GFP produced as a function of tether length (Fig. 3, A-D) . As observed previously, there is a SecM-length-dependent variation in the resulting force profiles both with and without a binding partner present (Fig. 3, B and C) , which likely arises from the sequence-specific stalling properties of SecM with different lengths (31) . More importantly, however, in the case of ACTR-RNCs translated in the presence of labeled NCBD, a clear increase in the amount of GFP was observed compared to the situation without added NCBD, with a maximal effect in the range between L ¼ 26 and L ¼ 29 residues (Fig. 3, B-D) . A steady increase in force exerted on the nascent chain, indirectly monitored via the amount of full-length-ACTR-SecM-GFP fusion protein produced, can be observed in Fig. 3 D . These values were obtained by subtracting the GFP fluorescence intensities obtained in the absence of NCBD as a reference from the reactions where NCBD was added.
This observation suggests that the ACTR-NCBD complex forms cotranslationally, in keeping with the FCS results, and exerts a force on the nascent chain. According to the cryo-EM structure of SecM (40) and the ADR1 domain fused to SecM (7), from which we can identify the position of SecM inside the ribosome exit tunnel and estimate the tether length required to span the tunnel as $30 residues, folding and binding of the ACTR-NCBD complex thus likely takes place while the ACTR sequence is still partially located in the vestibule of the exit tunnel. In contrast, when we inverted the experiment and produced NCBD-RNCs in the presence of labeled ACTR, no increase in GFP translation occurred in the presence of free ACTR (Fig. 3, B and C) . In accordance with the FCS analysis (Fig. 2 D) , the arrest-peptide-mediated force profiles thus confirm that formation of the ACTR-NCBD complex can only occur when ACTR emerges from the ribosomal exit tunnel. To test whether this asymmetry in cotranslational folding and binding also occurs in vivo, we performed arrest-peptide-mediated force measurements in live E. coli cells (11, 31) . We first determined the force profiles in vivo for ACTR and NCBD individually (Fig. 4, A and B) and performed expression in E. coli followed by in-cell fluorescence analysis to quantify the formation of GFP reporting on the force on the nascent chain. Similar to the trend observed in vitro (Fig. 3, B and C) , ACTR showed high GFP translation at short tether lengths (L ¼ 19-24), with a decrease to baseline when it was expected to have emerged completely from the tunnel (Fig. 4 B) . NCBD instead showed much lower fluorescence values throughout, with only a slight increase for short tether lengths (Fig. 4 B) . For investigating the effect of coupled folding and binding, because attaining a well-defined concentration of free protein compared to translating ribosomes is difficult in cells, we created a series of fusion constructs, in which ACTR was placed either at the N-or C-terminus of NCBD (Fig. 4, A and B) . When expressing the fusion construct N-NCBD-ACTR, a clear force peak occurs at tether lengths between L ¼ 26 and L ¼ 29 residues. In contrast, the fusion construct N-ACTR-NCBD gave rise to a flat force profile without noticeable peaks (Fig. 4 B) .
We then tested the same set of fusion constructs in vitro (Fig. 4 C) (i.e., in the PURE system). Importantly, the pronounced difference between the two fusion constructs is conserved: as in the in vivo results, N-NCBD-ACTR yields strongly increased GFP fluorescence, corresponding to large forces on the nascent chain, whereas N-ACTR-NCBD resulted in low fluorescence throughout, corresponding to small forces on the nascent chain (Fig. 4 C) . Thus, the asymmetry in terms of the capability of generating force on the nascent chain was consistently observed in all tested conditions, both for the separate and the fused proteins. However, the force profile of N-NCBD-ACTR did not display the sharp peak between L ¼ 26 and L ¼ 29 residues obtained in vivo (Fig. 4 B) but instead a broad peak reminiscent of the DNCBD profile obtained for the separate proteins in vitro (Fig. 3 D) . The difference in shape between the force profiles for N-NCBD-ACTR in vitro and in vivo is thus likely to originate from the lack of cellular components in the PURE system, in particular molecular chaperones, such as trigger factor, GroEL/GroES, or the DnaK/J/GrpE system, which are known to interact with nascent polypeptide chains in E. coli and have previously been shown to affect the forces exerted on the nascent polypeptide chain (43) .
Charge interactions between ACTR and the ribosome create a force on the nascent chain
The FCS experiments in vitro (Fig. 2) and arrest-peptidemediated force measurements in vitro and in vivo (Figs. 3 and 4) consistently indicate that the coupled folding and binding of ACTR and NCBD on the ribosome exhibits a pronounced asymmetry, and even the forces on the individual nascent chains are very different for ACTR and NCBD. Given that ACTR has a net charge of À8, whereas NCBD has a net charge of þ6 (Fig. S1 A) , a potential contribution to these effects originates from electrostatic interactions with the negatively charged surface of the ribosome and the exit tunnel (44) .
To test this hypothesis, we altered the charge content of both IDPs (Fig. 5) . In ACTR, we replaced Asp and Glu residues with Ala, whereas in NCBD, we exchanged the positively charged residues Arg and Lys and its C-terminal residue to Glu to mimic the charge distribution of ACTR (Fig. 5 C and D) . The required mutations at the messenger RNA level are not expected to affect the translation rates, as predicted according to the E. coli transfer RNA abundance (45, 46) . The changes in the sequence of ACTR and NCBD also do not introduce rare codons or sequences known to create translational stalling (47) . Moreover, the first 50 bases near the starting Met, which are crucial for translation efficiency in E. coli (48) , are equal among all ACTR and NCBD constructs.
The changes in charge content of the nascent chains had a pronounced effect on the arrest-peptide-mediated force measurements. For ACTR, the constructs were chosen to have a constant SecM length of 19 residues (Fig. 5 A) because ACTR confined within the ribosome tunnel at this tether length resulted in a high level of GFP fluorescence, indicating a release of SecM stalling (Fig. 4 B) . We observed a reduction in fluorescence upon exchanging 6 of the 13 negatively charged residues in the N-terminal half of ACTR (N-mut, Fig. 5 C, E and F) ; the reduction in fluorescence was even more pronounced when 7 of the 13 negatively charged residues in the C-terminal half of ACTR were exchanged, 3 of which are likely to be still inside or near the exit tunnel (C-mut, Fig. 5, C, E, and F) . Removal of all negative charges from ACTR, resulting in a net charge of þ5, eliminated GFP release almost completely (D(D/E), Fig. 5, C, E, and F) . This striking reduction in signal suggests that the D(D/E) variant should result in a correspondingly larger amount of arrested chains, which could indeed be detected by Western blot analysis (Fig. S6) .
For NCBD, we studied the behavior at SecM lengths of L ¼ 19 and L ¼ 30 to have either part of NCBD still embedded in the tunnel (L ¼ 19), as in the case of ACTR, or to have the protein completely outside the tunnel (L ¼ 30) (Fig. 5 D) . GFP translation increases substantially for both tether lengths upon introduction of the negatively charged residues, indicating increased chain release (Fig. 5 D-F) . These results strongly support the hypothesis that positive charges in the nascent chain cause attractive interactions with the ribosomal surface in or near the exit tunnel, thus making the release of SecM less favorable. The same interactions are thus likely to make NCBD less available for complex formation with ACTR, as detected by FCS and the arrest-peptide-mediated force measurements in the presence of a binding partner.
DISCUSSION
Using a combination of single-molecule FRET, FCS, and arrest-peptide-mediated force measurements, we investigated how ACTR and NCBD, IDPs of opposite net charge, mutually bind and fold in the vicinity of the ribosome exit tunnel. We find that the coupled folding and binding reaction can take place on the ribosome and produces sufficient force on the nascent chain to be detected by arrest-peptidemediated force measurements in vitro and in vivo. However, folding and binding occur only if ACTR is the chain in direct proximity to the ribosomal exit tunnel. Based on the exchange of charged amino acid residues in ACTR and NCBD, we conclude that attractive charge interactions between NCBD and the ribosomal exit tunnel interfere with ACTR binding, whereas the lack of such attraction for ACTR keeps it available for binding NCBD. Our experiments thus illustrate the pronounced effect that charge interactions can have on the nascent chain.
We also observe a pronounced difference in force acting on the nascent chain depending on whether ACTR or NCBD is tethered to the ribosome, even in the absence of a binding partner. A nascent chain of ACTR generates stronger force when the chain is deeper in the tunnel (Fig. 3 F) . At short SecM lengths, such as at L ¼ 19, $10 residues of its C-terminus are expected to be inside the tunnel (assuming that the C-terminus of ACTR does not compact into a helical structure). Correspondingly, the release of SecM stalling becomes less efficient when $7 of the 13 negatively charged residues located in the C-terminal half of ACTR are replaced by alanine (Fig. 5 E) . In contrast, NCBD is positively charged and does not produce a force on the stalling sequence while being extruded from the ribosome tunnel, as shown by our arrest-peptide-mediated force measurements (Fig. 4 B) . Mutational analysis shows that by replacing the seven positively charged residues on NCBD by glutamic acid, the force increases, both when part of NCBD is still inside the tunnel (at L ¼ 19 residues) and when NCBD is expected to be outside the tunnel (at L ¼ 30 residues) (Fig. 5 F) . Thus, the positively charged residues of NCBD are important for attenuating the transmission of force through the ribosome tunnel, presumably owing to an attractive force between the chain and the ribosome.
Our FCS experiments (Fig. 2 C) show no binding of free NCBD to the ribosome without nascent ACTR, indicating that the attractive interactions of the positively charged residues in nascent NCBD chains with the ribosome surface in or near the tunnel are not specific. However, owing to the high local charge density of the nascent chain in or at the exit tunnel, the contribution of electrostatic interactions to the force balance on the ribosome can apparently be substantial. However, the strength of the interaction seems to decay steeply with the distance of the positively charged chain segments from the exit tunnel, as suggested by the pronounced difference in forces on the nascent chain for the two permutants of the ACTR-NCBD fusion proteins in the experiments in vivo (Fig. 4 B) .
When ACTR emerges from the tunnel and presents its negative charges to NCBD, complex formation can occur when ACTR is still partially inside the tunnel, at a distance from the PTC between L ¼ 26 and L ¼ 29 residues, as shown by the arrest-peptide-mediated force measurements (Figs. 3 and 4) . Our FCS experiments indicate the nonequilibrium properties of this process: at tether lengths of 26 and 27 residues, where the force profile has its peak, barely any equilibrium binding of freely diffusing NCBD to ribosomebound ACTR can be detected. However, binding must still occur to release SecM stalling. In contrast to the FCS experiment, which probes the average fraction bound, a single binding event can be sufficient to create force on the nascent chain and thus release SecM stalling. Single-molecule FRET experiments on doubly labeled ACTR and NCBD show that upon binding, the nascent chain of ACTR compacts (38) . This compaction of ACTR upon binding to NCBD and its extrusion from the tunnel might contribute to creating the force peak that we observe at SecM lengths between L ¼ 26 and L ¼ 29 residues.
However, our results indicate that the cotranslational behavior of IDPs can be strongly influenced by negative and positive charges along the nascent polypeptide chain. Although the effect identified here is surprisingly strong, it is consistent with previous observations indicating charge interactions with a nascent IDP as monitored by an increase in mobility with increasingly negative charge density in the chain (26) . It is known that peptides containing negatively charged residues are more likely to overcome translational arrest than peptides containing positively charged residues (19) and that translation slows down when the nascent chain contains positively charged residues located inside or in the vicinity of the ribosome exit tunnel, as these residues make transient interactions within the tunnel (12) . Similarly, data from a ribosomal footprinting assay in Saccharomyces cerevisiae showed that positively charged residues slow down translation downstream of their incorporation into the polypeptide chain, suggesting a role for attractive interactions of these residues with the negatively charged surface of the ribosome exit tunnel (20) . Finally, charge interactions have also been reported to modulate protein folding rates on the ribosome (21) .
In view of the abundance of proteins with marked net charge, the type of effects and interactions we observed for ACTR and NCBD are likely to be no exception. It will thus be important to quantify both the repulsive and the attractive electrostatic forces between the nascent chain and the negative potential of the tunnel and the ribosomal surface in more detail and to compare them with those arising during folding (11) . We note that even though we investigated here the interaction of the two eukaryotic proteins on prokaryotic ribosomes, the high negative surface charge is a universal property of ribosomes and is likely to result in similar interactions across all life forms.
Despite the consistent effect of charges on nascent chainribosome interactions and their coupled folding and binding in experiments both in vitro and in vivo, our results indicate the possibility of a pronounced modulation of these interactions by the cellular environment. Arrest-peptide-mediated force measurements for small protein domains have previously been shown to agree well in E. coli BL21(DE3) and the PURE system (31) . The shapes of the force profiles for the N-NCBD-ACTR constructs, however, are very different in vivo and in vitro. ACTR and NCBD are largely disordered in the absence of their respective binding partner and might thus be recognized cotranslationally by cellular factors, especially molecular chaperones. Such interactions are likely to explain the difference in the shape of the force profiles we observe between the in vivo and in vitro experiments, in line with previous results that demonstrated that both trigger factor and GroEL reduce the force on the nascent polypeptide chain of DHFR tethered to the ribosome (43) . Investigating such effects in more detail for ACTR/NCBD will be an interesting aspect of future work.
The experimental approach used in this study can, in principle, also be applied to study how multiprotein complexes assemble cotranslationally (4). For example, it could be possible to investigate whether the order in which proteins are synthesized (e.g., those encoded in bacterial operons) has been optimized during evolution to ensure that proteins emerging from the ribosome would preferentially interact with their binding partners rather than with the ribosome. Further work will be required to determine, on a larger scale, the cotranslational folding behavior of proteins with large negative or positive net charge and how electrostatic interactions with the ribosome affect their physiological functions or the binding of chaperones (43) 
Name Sequence
ACTRAtto 532
GPC GTQNRPLLRN SLDDLVGPPS NLEGQSDERA LLDQLHTLLS NTDATGLEEI DRALGIPELV NQGQALEPKQ DC
ACTR-CF680R
GP GTQNRPLLRN SLDDLVGPPS NLEGQSDERA LLDQLHTLLS NTDATGLEEI DRALGIPELV NQGQALEPKQ DC
NCBD-CF680R
GPC PNRSISPSAL QDLLRTLKSP SSPQQQQQVL NILKSNPQLM AAFIKQRTAK YVANQPGMQ Table S1 . Protein variants used for single-molecule experiments and as binding partners in the arrest-peptide-mediated force measurements. The labeling positions are underlined. ACTR-RNCs were obtained using two different kits of PURE system, indicated as ACTRRNCs preparation 1 and ACTR-RNCs preparation 2. Samples were loaded on NuPage gels (see Methods), followed by Western-blot analysis using antibodies raised against the HA epitope. Peptidyl-tRNAs species are indicative of the amount of ribosome-nascent chain complexes (RNCs). Free peptides are also indicated. Bands corresponding to RNCs were quantified and the concentration of all samples normalized to ACTR-SecM Ms(supI)-23 (the sample that displayed lowest concentration in both preparations) to perform the FCS experiments reported in Figure 2 of the main text.
B)
Analysis of translational stalling of HA-ACTR-SecM at L= 21 residues upon usage of the SecM E. coli sequence (Ec) or the M. succiniproducens supI variant. In vitro translation was performed for 5, 10, and 20 minutes at 37° C, after which samples were loaded on NuPage gels and analyzed by Western-blotting. C) Analysis of RNAse-A digested ACTR-RNCs at L=35 residues. Depending on the resolution achieved on SDS-PAGE, a double band for free peptides corresponding to the hydrolyzed peptidyl-tRNAs can be detected in the Western-blot analysis. Western-blot analysis of the RNAseA-digested products, obtained after translation for 30 min at 37°C using the PURE system. C) Bands from two independent Western blots were quantified and used to calculate means and standard deviations.
